We study composite electron production at the FCC-based three electron-proton colliders with the center-of-mass energies of 3.46, 10 and 31.6 TeV. For the signal process of ep → e ⋆ X → eγX , the production cross-sections and decay widhts of the excited electrons have been calculated.
I. INTRODUCTION
The Standard Model (SM) of particle physics provides a successful description of the properties of electromagnetic, weak and strong interactions of the elementary particles. It also shows a great concordance with the all experiments carried out up to date, and has been finally reached its last estimation on Higgs particle by the ATLAS and the CMS collaborations, which both announced the discovery of this particle in 2012 [1, 2] . Since there are some phenomena that the SM does not explain, such as large number of elementary particles, quark-lepton symmetry and family replication, it is not a fundamental theory in particle physics, but is supposed to be effective model of a more comprehensive theory.
To find a solution to these deficiencies in the SM, a lot of theory beyond the SM (BSM) have been therefore proposed until now, such as supersymmetry (SUSY), grand unified theories (GUTs), extra dimensions and compositeness. The compositeness is one of the most important BSM theories, because it explains the subjects of the family replication, the inflation of elementary particles and the quark-lepton symmetry in the best manner, introducing the more fundamental matter and antimatter constituents in which the leptons and quarks have a substructure called preons [3] .
The lepton and quark compositeness were first proposed at the end of 1970s [4] [5] [6] [7] , and many preonic models have been discussed until today, such as haplon model [8, 9] , rishon model [10, 11] , and so on. Many new types of particles have been suggested in the framework of the preonic models, for example, diquarks, excited fermions, leptoquarks, color sextet quarks, color sextet leptons, dileptons and leptogluons. As a results of the compositeness, new interactions among the fermions should occur at the scale of the constituent binding energies. This energy scale is a characteristical parameter of the composite models, and called the compositeness scale, Λ.
If the known fermions have a substructure they should be regarded as the ground state to a rich and heavier spectrum of the excited states. Excited leptons and quarks are predicted by the composite models. We have interested in the excited electrons with spin-1/2 in this paper, as a continuation of our previous works performed for the excited muons [12] and neutrinos [13] at the FCC-based lepton-hadron colliders. In addition to these studies there are also many important phenomenological studies carried out recently in the literature for the excited leptons [14] [15] [16] [17] [18] [19] [20] and quarks [21, 22] .
Even though there is no evidence for the excited leptons in the experimental studies performed in HERA [23] , Tevatron [24] , ATLAS [25] and CMS [26] , the colliders with higher center-of-mass energy and luminosity, planned to be installed in the future, will continue to be hope for their discovery. A possible discovery of the any excited fermion will be a direct proof of the lepton and quark compositeness. The most recent experimental results on the excited electron mass are provided by the OPAL and the ATLAS collaborations [27] .
The mass exclusion limits of the excited electrons are m e ⋆ > 103.2 GeV for pair production (e + e − →e ⋆ e ⋆ ) and m e ⋆ > 3000 GeV for single production, assuming f = f ′ = 1 and Λ = m e ⋆ .
We have analyzed the production potential of the excited electrons at the future electronproton colliders. We present the main parameters of the FCC-based ep colliders in the section 2, the interaction Lagrangian responsible for the gauge interactions of the excited electrons, their decay widths and the cross-sections in the section 3, and the signal and background analysis in the section 4. Finally we summarized the all results in the last section.
II. THE FCC-BASED ELECTRON-PROTON COLLIDERS
The Large Hadron Collider (LHC) is the most powerful energy-frontier hadron collider ever constructed. The LHC is presently in operation at the CERN, and will continue to work until the middle of 2030s in the framework of its high-luminosity upgrade programme.
The international Future Circular Collider (FCC) study [28] The FCC project also includes the design of a 90-400 GeV high luminosity electronpositron collider (FCC-ee or TLEP) [29] , which could be installed in the same tunnel, to search the top quark, W, Z and Higgs bosons, as an intermediate step of the project. Construction of a such collider in the same tunnel will give us the opportunity to collide the proton beam with the electron beam, which known as FCC-he option. The energy of the electrons in the electron ring of the TLEP is limited because of the large synchrotron radiation. Therefore, to reach higher energy electron beam the establishment of a linear electron accelerator tangential to the FCC ring has been recently proposed in [30] , using the parameters of the known linear electron collider projects, namely ILC (International Linear Collider) [31] and PWFA-LC (Plasma Wake Field Accelerator -Linear Collider) [32] . Thus, the FCC-based many electron-proton collider options have been obtained when we also consider the nominal energy values, that can be upgraded, of the ILC and the PWFA-LC.
In the numerical calculations, we have used the parameters of the FCC-based electronproton colliders shown in the Table 1 , in which there are three collider options that have the different center-of-mass energies. In here, the ERL60 denotes the Energy Recovery Linac with the electron energy of 60 GeV, which had been chosen as the main option for the LHeC
[33]. The same ERL can be used for the FCC-based ep collider [34] .
III. INTERACTION LAGRANGIAN, DECAY WIDTHS AND CROSS-SECTIONS
For the interaction of a spin-1/2 excited lepton with the SM leptons and a gauge boson we have used the following SU (2)xU (1) invariant Lagrangian [35] [36] [37] [38] ,
where l and l ⋆ represent the SM lepton and the excited lepton, respectively, Λ is the compositeness scale, g and g ′ are the gauge couplings, − → W µν and B µν are the field strength tensors, f and f ′ are the scaling factors for the gauge couplings, Y is hypercharge,
where γ µ are the Dirac matrices, and − → τ denotes the Pauli matrices. For the excited electrons, three decay channels are possible: γ-channel (e ⋆ → eγ), Zchannel (e ⋆ → eZ) and W-channel (e ⋆ → eW ). We have chosen the electromagnetic decay mode (γ-channel) for this study, because of the easy detection of this channel compared to the others.
Ignoring the SM electron mass, the decay widths of the excited electrons are obtained as,
where m ⋆ is the mass of the excited electron, f V is the new electroweak coupling parameter corresponding to the gauge boson V, where V=W, Z, γ, and
, where θ W is the weak mixing angle, and m V is the mass of the gauge boson.
For the numerical calculations we have implemented the excited electron interaction vertices into the CALCHEP [39] , which is a high-energy simulation programme. We show the total decay widths of the excited electron in Fig.1 , for Λ = m e ⋆ and Λ = 100 TeV, which are commonly used for the new physics scale. Figure 2 presents the total cross-sections for the excited electron production at the three electron-proton colliders, which are ERL60⊗FCC, ILC⊗FCC and PWFA-LC⊗FCC, using the CALCHEP program with the CTEQ6L parton distribution functions [40] . It is clearly seen from this figure that the excited electrons have adequately high cross-sections for Λ = m e ⋆ and Λ = 100 TeV, at the high mass values of the excited electron.
The four fermion contact interactions can also contribute to the production of the excited electrons, besides the gauge interactions. It is particularly well known that the contact interactions are more dominant at proton-antiproton colliders. In a recent analysis (see ref. [19] ), it is shown that at the LHC energies the production cross-sections of the excited leptons for the contact interaction are higher than ones of the gauge interactions. In this study, for the electron-proton type colliders only gauge interaction mechanism has been taken into account, but the contribution of contact interaction can not be ignored. Therefore, the contact interaction version of this work will be addressed in a future study.
IV. SIGNAL AND BACKGROUND ANALYSIS
The FCC-based electron-proton colliders will allow us to explore the excited electrons via ep → e ⋆ X process with subsequent decays of the excited electrons into an electron and photon. Thus, our signal process is ep → eγX, and subprocesses are eq(q) → eγq(q), while the background process is ep → e, γ, j through γ and Z exchange, where j represents jets which are composed of quarks (u, u, d, d, c, c, s, s, b,b). In this section we discuss the differences of some kinematical quantities between the signal and the background to determine appropriate kinematical cuts for discovery of the excited electrons. This analysis is at the parton level since for a such collider an appropriate detector has not been designed yet. T > 800 GeV. In order to see effect on the background, we plotted the invariant mass distributions of both the signal and background after the application of these discovery cuts. Figure 6 shows these distributions with statistical errors for three collider options. It is seen that the background values are below the signal peaks when the distributions are examined. We have applied an additional cut, to extract the signal, on the eγ invariant mass system as m e ⋆ − 2Γ e ⋆ < m eγ < m e ⋆ + 2Γ e ⋆ , using the decay width (Γ) of the excited electron. For the calculation of statistical significance (SS) of the expected signal yield, we have used the formula of
where σ S and σ B denote signal and background cross sections, respectively, and L int is the integrated luminosity of the collider. We have calculated the discovery (SS ≥ 5) and observation (SS≥ 3) mass limits of the excited electrons, assuming the f = f ′ = 1 and
The all results are reported in Table 2 . 
V. CONCLUSION
In this paper, the production potential of the excited electrons predicted by composite models at the three FCC-based electron-proton colliders, namely ERL60⊗FCC ( √ s = 3.46
TeV), the ILC⊗FCC ( √ s = 10 TeV) and the PWFALC⊗FCC ( √ s = 31.6 TeV), has been investigated. In the analysis made, transverse momentum and pseudorapidity distributions of the final state particles (electrons and photons) have been compared for signal and background, and the appropriate cuts for discovery of the excited electrons have been determined.
And finally, the statistical significance of the expected signal yield has been calculated and the mass limits of the ecxited electrons have been assigned.
It is shown that FCC-based electron-proton colliders will be able to search a very large mass range to detect the excited electrons. Among them, the collider of PWFALC⊗FCC has the highest center-of-mass energy. If the excited electrons had not been observed at the ERL60⊗FCC and the ILC⊗FCC, they would have explored up to the mass of 22.3 TeV at the PWFALC⊗FCC collider.
As a result, if the composite electrons exist its probability of being discovered is high at these FCC-based electron-proton colliders. 
